Abstract-Aquaculture is presented as a sustainable method to provide fish, although in reality, it is far from being sustainable. Its negative impacts on the environment can be prevented and corrected by the use of sensors, developing precision aquaculture. Sensors are widely used in terrestrial applications, but in underwater environments, their use is constrained by a variety of issues. The aim of this paper is to describe the state-of-theart of the underwater sensors for water quality monitoring. First, the requirements and challenges of underwater sensors for aquaculture monitoring are discussed in detail. The main challenges are the need of a waterproof isolation or the need to avoid corrosion and biofouling, among others. Second, there are some advantages compared with the terrestrial applications, such as no need of minimized systems or the fact that such systems only require low accuracy. Subsequently, we evaluated the different options available to sense each variable, related to the needs of the aquaculture sensors. For temperature monitoring, thermistors, thermocouples or RTC seem to offer similar advantages. In contrast, for dissolved oxygen monitoring, the optical method seems to be the best option. For turbidity, optical methods are the most employed ones, while for conductivity measurements, the inductive coils are a promising option.
I. INTRODUCTION
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Digital Object Identifier 10.1109/JSEN. 2018.2817158 other hand, the need of a waterproof isolation for the sensors to ensure long-term monitoring hinders the manufacturing of underwater sensors. The WSN and UWSN are composed by the sensing module, the central processing unit, the transceiver module and the battery unit [3] . The sensing modules must be adapted to the underwater environment [4] . The best option for sensing modules is physical sensors [5] , which require low maintenance. In particular, they do not need continuous calibration or partial replacement over. In this context, the objective of this paper is to summarize the different available physical sensors for water quality monitoring to promote the use of physical sensor for precision aquaculture. The aim of this paper is to sum up the techniques and technologies available for water quality monitoring focusing on aquaculture environments and discuss its suitability for long-term monitoring of fish farms. Sensors proposed in papers and patents are included. In addition, we discuss the challenges of using physical sensors and UWSN. In terms of the sensors, we focus on the challenges related to the reduction of costs and long-term operations. The contributions of this paper are the following ones: (i) summarize the current technologies for monitoring temperature, dissolved oxygen, salinity and turbidity. (ii) Analyze the most employed technologies in commercial devices. (iii) Evaluate the current state and future challenges in aquaculture monitoring.
The rest of the paper is structured as follows: Section 2 presents the requirements of sensors suitable for aquaculture monitoring. The currently used sensors for temperature monitoring are shown in Section 3. Section 4 presents the different options for salinity sensing. Sensors for dissolved oxygen monitoring are described in Section 5. Section 6 details the different methods for turbidity sensing. The conclusions and future challenges are presented in Section 7. The conclusions and future work is shown in Section 8.
II. REQUIREMENTS OF AQUACULTURE SENSORS
In this section, the requirements and challenges for the sensors that will be used for precision aquaculture are shown. Although WSN are widely used in terrestrial applications, their use in the marine environment is limited. This underuse is caused by the special water attributes, the high cost of underwater sensors and failures due to the harsh environment. Battery issues and the difficulties of energy harvesting, telecommunication problems and sparse deployment are the challenges for the UWSN. To ensure suitability for aquaculture facilities, these sensors have to fulfil the following requirements. There are a paper which has already described the challenges for UWSN [6] . However, applying UWSN for aquaculture has some peculiarities which are addressed below.
First, the sensors have to be able to sense data over longer periods without having to be cleaned, maintained or replaced. The sensors in the fish farm will be deployed at different points. If sensors require attention, it would be necessary to allocate divers for maintenance tasks. The sensors may be placed in hard to reach places. Therefore, a sensor that needs daily calibration or weekly cleaning would not be suitable for long-term monitoring, which renders chemical sensors, as they require periodical calibration, unsuitable. The sensors that employ chemical compounds must be calibrated periodically. Moreover, the reagents must be refilled or changed. Sensors with membranes or electrolytes should also be avoided.
Second, the sensor nodes have limited battery power and the signal transmission consumes a great percentage of it. It is therefore important that the sensors have low energy demands to ensure long-term monitoring. If different options are available to measure the same parameters, it is important to select the option with low energy consumption. Periodical battery changes should be avoided for the same reason as explained above for cleaning or maintenance. Reducing energy consumption is essential, also in terms of communication, such as using energy-efficient protocols.
Third, seawater is a harsh environment. Salinity can cause corrosion and the currents can move the sensors and cause collisions. It is therefore important that the sensors are robust and have a protective layer. To prevent corrosion, the layer and any sensing part that will be in contact with the water must not contain any metallic materials. Therefore, the use of plastics and methacrylate is recommended [7] , [8] . Waterproof insulation must be ensured. Depending on the depth, different options can be used, from simple waterproof silicone to special O-rings. The use of deflectors to ensure the orientation of the sensor with the changing currents of after collisions has to be considered.
Fourth, it should be noted that the sea is full of organisms which can alter the sensors. In the open sea, the available surface for living beings is limited. Every object that remains in the water will be subjected to biofouling. Many organisms will colonise every submerged surface, resulting in alterations in the buoyancy, the shape and the size of the sensor package. Microorganisms can alter the sensor surface and change the transparency and colour. Dead plankton can be deposited; hence, the potential light path must be properly designed. Several sensors are based on optical effects and need a light path. Those transparent sections should be placed in orientation to avoid deposition and biofouling. Organisms can generate bubbles that modify the light beam in optic sensors.
Macroinvertebrates will tend to use the nooks and crannies of the devices as hiding places, which might cause obstruction of the water current. In this case, the data may not represent the value of the surrounding water. If the sensors must be placed in a nook, is recommendable to add a grating to prevent macroinvertebrates from entering.
The material of the grating must withstand biofouling and corrosion.
Fish can hit or bite the packages and therefore, fragile and soft parts should be covered. Fish such as Sparus aurata usually present biting behaviour in fish farms, related to the stress. This is also the case for Pomatomus saltatrix, a common predator. Such behaviour has been related to net holes [9] , [10] . To avoid damage caused by fish bites, the recommendation is to use packages with a spherical shape and with a diameter larger than the mouth of the fish. Thus, if spherical shapes are used there will be no points that stand out or edges in the package where the fish can bite.
The fifth consideration is focused on the effects that sensors may cause on the fauna. It is important to ensure that no harmful effects on fish are generated. For this reason, some sensing techniques must be avoided, in particular sensors that use (i) ultraviolet light (UV), (ii) acoustics beams that can be felt by fish and (iii) magnetic fields that may disturb their activity. The UV light can reduce growth rates in larvae and diminish its immune function [11] . The acoustic beams that produce high sound levels cause damages in the sound sensors cells, which can produce hearing loss [12] . Moreover, there are fish species that are magneto-sensitive [13] .
It is important to ensure that the sensors do not alter fish swimming and feeding activities. Moreover, we need to ensure that sensors do not attract surrounding fauna, which can modify fish behavior and produce stress. It is therefore crucial to test the potential harmful effects of the sensors.
Another problem of UWSN is the location of the sensor itself [14] . In sensors, such as current meters, the ability of the sensor to move and get oriented is needed. In this case, deflectors can be used to orient the sensor with the current. On the other hand, there are sensors that need to be in a fixed position with a specific orientation, avoiding any movement. Therefore, it might be necessary to include an anchor system. Although these systems can be added after the creation of the sensor, it is important to consider whether there is a need to have a fixed location. Devices with moving parts should be avoided, as such parts are susceptible to clogging.
Finally, sensors suitable for aquaculture and, generally, for marine monitoring, are relatively expensive. The costs of fabrication, deployment and recovery are significantly higher than those for terrestrial applications. In terrestrial applications, generally, the sensors are spread in the horizontal plane, while in marine monitoring; they are spread in the horizontal and the vertical planes, requiring the use of more sensors. It should be expected that a percentage of the total placed sensors are lost as a result of e.g. shock rupture or taken by the flow, which makes replacement from time to time necessary.
In summary, underwater sensors must be low maintenance, low cost, low battery consuming, robust, waterproof, nonmetallic, withstand biofouling and have no effects on organisms. If possible, optical sensors should be avoided. It is important to study the threshold values of the hearing ability of fishes and the effects of magnetic fields.
On the other hand, there are advantages compared with applications that involve the people, mainly the fact that high accuracy is not important. While for those applications, high accuracy is needed, in aquaculture, the level of required accuracy is lower. Assuming that the sensors will be used for water monitoring to determine fish needs, a change of 0.01°C or 0.01 PSU will not affect the fish. It is, however, important to study in detail the minimum variation of each parameters that affect fish.
Another advantage is that no minimised systems are needed. In applications, such as in e-health, small sensors are important to minimise potential discomforts, but this is not the case for aquaculture. The use of large sensors is even recommended, as small ones are easily lost and can be eaten.
III. TEMPERATURE
This section discusses the existing temperature sensors. Water temperature is mainly a factor of solar radiation and shows spatial and temporal variation. Annual cyclical changes are necessary for the correct sexual development and reproduction of fish [15] . For aquaculture, water temperature is the most important water parameter because it is highly correlated to fish performance. The effect of temperature has been studied [16] , [17] . In marine facilities, the changes in water temperature are related to annual cycles, meteorological conditions, changes in currents and climatic change. In the inland facilities with open water circuits, the changes can be higher than in marine facilities.
The following techniques are used for temperature sensing, which mainly fall into the two categories electric devices and non-electric devices. Electric devices need to be in contact with the sensed object, and the thermocouples are based on the Seebeck effect. They are composed of two connected metal conductors, usually made of copper, nickel, iron, platinum, rhodium and its alloys. Thermocouples are inexpensive, small and highly robust [18] . Although, they present low accuracy. They are used for water temperature monitoring [19] .
The resistance of conductor materials (such as copper, gold, nickel, platinum or silver, among others) changes with the temperature. The resistance temperature device (RTD) has a higher accuracy than thermocouples, and the sensing range depends on the used material [18] , i.e. from -100 to 100°C for copper. Two RTDs are available on the market; RTDs with higher accuracy made of platinum and RTDs known as thermistors. The platinum resistance thermometers (PRT) have a platinum coil wired over a glass made of quartz or mica. The PTR is mainly used to measure the water temperature of air conditioner systems. There is a linear relation between resistance and temperature. The thermistors are characterized by less accuracy, with a positive or a negative relation between resistance and temperature. They are known as negative temperature coefficient (NTC) or positive temperature coefficient (PTC). The NTC is commonly used for water temperature sensing [20] and water heating systems [21] . The PTC is used for water temperature monitoring [22] .
Semiconductors, such as transistors or diodes, can also be used for temperature sensing. They are useful for sensing temperatures between −55 and 150°C, with an accuracy higher than 1°C. Their operation is based on the p-n junction and the temperature dependence of the forward voltage drop.
Diode thermometers are widely used because the relation between temperature and voltage drop is almost linear. Two of the most used semiconductors are Si and GaAsSi diodes are cheaper, GaAs diodes have a higher output. They are used for water temperature sensing as it was done in [23] .
Another option for temperature sensing is the use of a capacitance thermometer. There are materials, such as strontium titanate, that their electric permittivity changes with the temperatures. They are used for low temperatures or high magnetic fields, but are not suitable for water temperature sensing. Less common sensing methods are the noise thermometry or the use of quartz thermometers. Noise thermometry is based on the thermal fluctuation of conductor materials and used for ultra-low temperatures in the millikelvin range [24] . Quartz thermometers are based on the vibration frequency of piezoelectric materials and they are mainly used for cryogenic measurements [25] .
In contrast, non-electronic devices make use of the thermal expansion of materials with temperature. It is possible to distinguish the gas, the liquid-in-glass thermometers and the thermal expansion of solids. However, it is difficult to use this principle to create a sensor. In recent years, chemical compounds that change its colorations under different temperatures have been discovered. These chemical compounds are, however, not suitable for aquaculture. They must be in contact with the sensed object. Moreover, the degradation and the price of these materials render them unsuitable for our purpose.
Sensing techniques that do not require contact with the sensed medium are based on changes in electromagnetic radiations of an object at different temperatures. Infrared thermography can be used from 50 to 6,000 K. Many materials can be used to detect IR emissions. Nevertheless, it is required that the sensor package has an optical window between the sensed element and the IR detector. As discussed above, optical solutions should be avoided when other options are available. Methods based on the measurement of the electromagnetic spectrum are available, but they are only suitable for higher temperatures. Finally, acoustic thermography is available to measure the temperature. The speed of sound in water depends on the temperature. Acoustic thermography can be used for detecting changes in deep-ocean temperature [26] . Its use has been described for deep oceans where the rest of the methods are not suitable.
The best option for temperature monitoring in water is the use of electronic devices, especially the RTD or the thermistor in terms of its high working range, adequate accuracy, and low price. Those sensors need to be in contact with the sensed medium, the water. Although our requirements include the need to avoid contact between the sensor and the water, they are the best option. There is a possibility to use a heat conductor package for the electric device.
IV. SALINITY
Salinity in water is related to the presence of different ions. It is also known as electric conductivity (EC) and usually expressed in Siemens per meter (S/m), practical units of salinity (PSU) or mg/l. For aquaculture, EC is a critical parameter, and changes in salinity result in alterations of fish growth and survival [27] , [28] . In marine facilities, water stratification, atmospheric changes and water currents can modify the salinity. They will need to control the salinity at different points in the horizontal and the vertical planes. In inland facilities, it is easier to monitor water EC in input pipes.
Water density, light refraction and electrical conductivity are the three physical parameters related to salinity [29] . The measuring of water density using a precise vibrating flow densimeter was widely used in the 1970s and 1980s in oceanographic studies. However, techniques based on light refraction or on EC, have become more practical over time and currently. No salinity sensors based on a precise vibrating flow densimeter can be found. The optical methods are based on the correlation between the refraction angle of an incident beam of light and the water salinity. When a light beam travels from reference water to sample water, the light has a refraction effect. Recording the point where the beam impacts, it is possible to know the salinity of the water sample. Based on this effect, the following sensor proposals have been developed [30] - [33] , which distinguishing salinities from 0 to 50 PSU. Their range of measurements meets the requirements of salinity sensors for aquaculture. However, in the underwater environment, this system is not the most appropriate because it needs to keep clean the crystal surface.
There are two options to measure EC, the conductive and the inductive method, of which the conductive method is the most used one and based on the water resistivity. Two or more electrodes are used to calculate the conductivity. The conductance, G, is the reciprocal of the electrical resistance, R, as shows (Eq. 1). While the conductivity, σ , depends on the resistance and on the cell constant, Kc, it has to be calculated for each design (Eq. 2). The Kc depends on the length of the electrode, l, and the area of the electrode, A (Eq. 3.). Based on this theory, many designs appear. The simplest design is based on two electrodes [34] ; however, it can cause water polarisation. For this reason, the authors have used more electrodes, and the design using four electrodes seems to be most common [35] , [36] . Moreover, there are designs that use six electrodes [37] . Based on the electrode design, a small cell with a microfluidic channel and microelectrodes [38] , [40] have been created. However, the main issue with this methodology, in the case of aquaculture monitoring, is the requirement that the electrodes stay in contact with the water, which can cause corrosion, biofouling and sedimentation, thereby altering the Kc. They require continuous cleaning and are not suitable.
The inductive method is based on the use of two coils. The first coil is powered by an alternating current and generates a magnetic field. The intensity of the magnetic field is modified by the medium. In the secondary coil, the magnetic field induces an electric field that is correlated to the water salinity. As in the conductive method, many designs appear. The simplest one is formed by two one-turn coils [41] . The use of two toroidal coils was the most studied approach and is presented in the following publications [42] , [44] . Designs formed by different combinations also appear in the literature [45] , [46] , but this methodology is less used. However, it presents advantages, mainly the possibility to isolate the sensing element, the coils, from the water.
Then, considering the cheap price, the highly accurate and that the measurement range fits with the requirements of aquaculture facilities, the inductive methodology is the best option to measure EC is the best option for salinity monitoring in fish farms. The devices can be isolated from the environment and at the used frequencies, no harmful effects on fish have been detected.
V. DISSOLVED OXYGEN
Dissolved oxygen is a measure of the concentration of oxygen in the water. For aquaculture, dissolved oxygen measurement is crucial. For adequate fish development, a minimum oxygen concentration is required, depending on the fish species. The negative effects of hypoxia on fish growth have been widely demonstrated, e.g. for Oreochromis niloticus [47] or for Oncorhynchus mykiss [48] . The concentration of oxygen in the water is a result of the equilibrium with the oxygen in the atmosphere [49] . The reduction of dissolved oxygen is caused by the presence of organisms (respiration and decomposition of organic matter by bacteria) and by some chemical reactions. The increase of oxygen concentrations is caused by photosynthesis. In marine facilities, a reduction of oxygen concentration under normal conditions is not common. However, some situation, such as an algae bloom, can produce a high oxygen demand during the night. In inland facilities, adverse situations can cause a reduction of oxygen concentrations in shallow waters. There are situations that may require the water to be kept in the tanks during long periods, resulting in low dissolved oxygen levels.
There are two main techniques to measure dissolved oxygen. The reference method is the Winkler test, which is based on a titration [50] . It is a complex method that requires the addition of reagents and cannot be used in a sensor. Nevertheless, it can be used for the sensor calibration. There are two groups of developed sensors: electrochemical and optical sensors. Electrochemical sensors are similar to the Clark electrode [51] , which is an amperometric sensor based on the electrochemical cell. It is formed by a cathodic working electrode made of platinum, embedded in a cylindrical insulator and a ring-shaped silver anode. The used electrolyte is KCl. An oxygen-permeable membrane is employed in the following designs (see [52] , [54] ) and use thick film technology. Other designs [55] used a modified glassy carbon electrode; the design proposed by Xu et al. [56] is an example of a low-cost design. The main disadvantages of the sensors that present a permeable membrane are the dependence of the oxygen diffusivity on the pressure [57] . Moreover, they need to be cleaned periodically. There are, however, designs without membranes [57] , which serve as prototypes for laboratory use, but are not suitable for in situ measurements. A needletype dissolved oxygen microelectrode array sensor [58] and a microelectrode sensor designed by Sosna et al. [59] are designed as a miniaturized system. Nevertheless, those designs need continuous maintenance. The electrodes have to be in contact with the water and sedimentation, biofouling or air bubbles can disturb the measurement. Optical sensors are based on collisional quenching by molecular oxygen of a chemical compounds embedded in a support matrix [60] . Two main groups of chemical complexes are used, based on platinum (II) [61] , [62] or ruthenium (II) [63] , [67] .
From the current options, the optical oxygen sensors are the best option for in-situ monitoring considering that the other option, the Clack electrode sensors need to be cleaned periodically. Nevertheless, the chemical compounds employed in the optical sensors usually degrade over time and need replacement. Moreover, they are relatively expensive, which impedes their use in aquaculture facilities. Furthermore, biofouling and sedimentation can obstruct the contact between water and the sensing element. For this reason, it will be necessary to search for a region of the light spectrum in the UV light that allows measuring the absorbance of light and correlates it with the dissolved oxygen.
VI. TURBIDITY
Turbidity is a measure of the transparency of water, and reduced turbidity is related to the presence of suspended sediments (SS). For aquaculture, turbidity increase can cause problems in the fish, the effect of turbidity on fish is complex. In species, such as Erimonax monachus, increased turbidity causes a reduction in growth [68] . In other species, such as Stizostedion vitreum, maximum growth is reached at highest turbidity [69] . Turbidity can be caused by inert particles such as sedimentary turbidity. Moreover, it can be caused by living particles, such as plankton. In marine facilities, abrupt changes in turbidity are not usual and generally related to high phytoplankton blooms or some adverse methodological conditions. Inland facilities can be affected by sedimentary of planktonic turbidity. In this case, the use of filters can reduce its effects. However, it is necessary to monitor turbidity to take the needed steps. Turbidity can be measured using different techniques. There are techniques, such as the use of a Secchi disk, gravimetric methodology or the Imhoff cone, which are not suitable for automatic techniques. Techniques based on light effects are related to the Beer-Lambert law (Eq. 4), which quantifies the transmitted light, It, as a function of the light intensity of a source, Io, the absorption coefficient per unit length, a, the turbidity,t and the length of the light pass, l, [71] .
Based on the Eq. 3, there are different methodologies to measure water turbidity. Nephelometers are based on the measurement of the scattered light. The light sensing component is usually positioned at 90°, or a lower angle, from the light source. This method is usually employed to measure samples with low turbidity values [71] . There are few proposals based on this methodology (e.g. [72] ), where a diode is used as a light emitter and a photodiode as a light detector. Another example can be found in Lambrou et al. [71] , with a sensing range from 0 to 120 NTU.
The second methodology, using turbidimeters, is focused on the absorption of the light. The undissolved particles cause light scattering and light absorption. This methodology is proposed for samples with high turbidity values [71] . Some examples of prototypes based on this methodology can be found in the literature. One sensor uses a diode with the peak wavelength at 950 nm and an IR photodiode with a sensing range from 0 to 1,000 NTU [73] . Giuffre et al. [74] presented a similar prototype and Biard [75] improved the existing prototype. In this case, the author added a second photodiode next to the light emitted to evaluate the light intensity before passing through the sample. Similarly, [76] placed the detector at 360°from the emitter and used a lent to reflect the light. In the ratio turbidimeter, two light detectors are used, placed at 180°and 90°. This methodology is recommended for water with high turbidity levels and coloured samples. Sensing ranges goes from 0 to 120 NTU [71] . An improvement was presented by in [70] and [77] , who proposed to use an extra photodetector, resulting in a system with one emitter and three detectors at 90°, 180°and 270°. Consequently, the sensing range reaches 1,000 NTU.
There is another physical principle to measure turbidity. The presence of SS produces alterations in an acoustic beam. The use of high-frequency acoustic beams to measure turbidity presents better results because it is independent of the particle size. Clifford et al. [78] demonstrated that the particle size affects the readings. For this reason, the use of acoustic doppler velocimetry (ADV) seems a better option for monitoring water turbidity. There are different options to relate the SS with the sound alterations. The first one is to use a probe for measuring the acoustic backscattering intensity (BSI). The BSI technique is based on the sonar equation for sound scattering from small particles or SS. Several authors have studied the relation between BSI and turbidity [79] - [82] . Besides, the acoustic beam amplitude can be used to estimate turbidity [83] . Chanson et al. [84] presented both methodologies with good correlations. Finally, the sound noise ratio signal indicates that the scattered sound pulses are correlated to turbidity [85] .
After analysing all current options for turbidity measurement, two main groups could be distinguished. First, sensors based on an optical beam, where absorption, refraction or both are measured. Another option is the use of an acoustic beam. In this case, both options present their own problems. Optical methods should be avoided. However, acoustic methods employ higher energy than optical methods. Moreover, acoustic sensors are usually more expensive than optical sensors. Therefore, in term of the energy consumption and price the best option i to use the sensor based on optical absorbed and/or scattered light; moreover, their accuracy and working rate fits with the need on aquaculture facilities.
VII. DISCUSSION AND FUTURE CHALLENGES This paper presents a review of the current options for water quality monitoring. The challenges for water quality monitoring in the fish farm environment are shown and the required characteristics of the employed sensors for longterm monitoring are detailed. Although the use of sensors is common for terrestrial applications, such as monitoring agricultural and livestock processes, its use in underwater environments is reissued. The main reasons are the differences between air and water environments. The characteristics of the underwater and, especially, saline environments can cause alterations in the sensor. Because of this, many measures must be taken to protect the sensors from the harsh environment. Waterproof packages or of the avoidance of materials that corrode are posible solutions. Furthermore, there are certain restrictions to access the sensors. Therefore, in long-term monitoring, it is important to minimise replacement. The need for battery replacement and cleaning must be considerably reduced. Hence, it is extremely important to reduce the energy consumption of the sensor, which stresses the need for sensing methods with low energy requirements. Moreover, those sensors must have low maintenance needs. In general terms, optic sensors must be avoided because they need to be cleaned frequently. However, if no other option is feasible, a proper orientation can be chosen to avoid sedimentation and to reduce maintenance. The effect of change the orientations must be studied in order to find the best option to reduce the accumulation of sediment. In general it is preferred vertical orientations than horizontal ones. To avoid damage by fish, special shapes and sizes can be selected. The use of spherical shapes in the sensors inside the cage will ensure that the sensors will not cause any damage to the fish if they collide with or bite the sensor. Sensors need to be available at low costs if we pretend to impulse the use of sensors for precision aquaculture.
For the review of different methodologies for temperature, salinity, dissolved oxygen and turbidity measures, papers and patents were analysed in order to prepare a selection of the most suitable options for water quality monitoring. According to the challenges and needs described above, the best options to sense each parameter were selected. For temperature monitoring, the best option is to use electronic devices such as RTD or thermistors. They are cheap, easy to isolate and sufficiently adequate. Usually, they consume low amounts of energy and can be easily powered with a normal sensor node such as Flyport, Waspmote or Arduino. The best option for salinity monitoring is the measurement of EC by the use of inductive methods. The coils used for these methods can be isolated from the water. Depending on the coil, the sensors consume low amounts of energy. Furthermore, they are cheap and can be powered with a regular node. For turbidity measurement, optical sensors are most suitable, either scattering or backscattering methods. They are cheaper than the use of acoustic beams and require less amounts of energy. The use of a light source and detector can be easily implemented in a node of a WSN. Although the use of a light beam should be avoided, this is the best option in this case. For dissolved oxygen monitoring, there are two groups of sensors, ones based on collisional quenching and ones based on the Clark electrode. Unfortunately, both of them need regular maintenance and replacement. However, there are no other options at this moment. The most appropriate option for long-term monitoring is the use of optical sensors. The main advantage of this sensor is its robustness. Nevertheless, it is important to remark that optical sensors for dissolved oxygen monitoring are usually more expensive.
Next, data about the real implementations based on the commercial available devices. First, the different technologies employed in the available probes are shown. The following factories including In-Situ Inc, SEBA, Hanna, YSI, Eureka water probes, Aquatec Group, OTT, Saiv A/S, INW TempHion, Crison, PCE Instruments, Zebra-Tech or Hach were studied to elaborate Fig. 1 to 4 . Up to 100 sensors for 13 factories were analyzed to elaborate Fig. 1 to 4 . In Fig. 1 to 4 , it is possible to see the number of sensors in each category and the percentage of each category. The companies offer the following solutions for temperature monitoring, see Fig. 1 . The RTDs and thermistors seem to be the most common solutions. Our analyses considering the options described in Section 3 conclude that the best option was to use RTD or the thermistors for water quality monitoring. The commercial devices use the same option pointed out previously. Fig. 2 shows the currently used commercial sensors, of which the majority are based on electrodes. Nevertheless, an inductive sensor can be obtained from Saiv A/S. In section 4 we conclude that the best option was to use the inductive sensors. Most of the commercial devices are not yet including this technology. We can expect that the inductive technology will be used in the future for water quality monitoring. Fig. 3 shows the currently used sensors to measure dissolved oxygen. Most of them are optical sensors, while only three are based on the Clark cell. In Section 5 we conclude that the best option was the optic sensors and the commercial devices are mainly using the optic methods. However, it is necessary to point that the optic methods require maintenance due to the membranes. Fig. 4 shows the currently used commercial sensors based on light effects. No company offers solutions based on acoustic effects. Our recommendation in Section 6 was to use the optical sensors. All the available options is the market goes in this direction. Finally, the information about few devices capable to monitor the listed parameters in this paper is shown in Table 1 [86]- [90] . It is possible to see that the enterprises mentioned in Table 1 are producing probes that can be employed in aquaculture facilities. As Table 1 includes only the probes founded that are able to measure all the parameters selected in this paper, many probes from different factories are not included. The main disadvantage of the current available sensors is its price. From some sensors there is no information (NI) about the used technology. Water temperatures in marine waters range from 0 to 29.5°C [91] , and all the presented sensors are suitable for temperature monitoring according to their operational range. Generally, marine water salinity ranges from 29 to 38 mg/L [92] , all the sensors are able to cover this range of salinities. The average oxygen concentration in the water surface ranges from 4.6 in the tropics and 9.0 mg/L in the Artic [93] , without any significant changes throughout the year. In aquaculture facilities, the oxygen concentration can diminish. All the included sensors in Table I present an operational range suitable for the range of dissolved oxygen at the sea surface. The range that present the turbidity sensors above are adequate for the expected levels in the fish farms.
In the future, the challenges in underwater sensing for aquaculture monitoring will be based on long-term monitoring. To address this goal, it will be necessary to encourage researchers to develop new physical methods for turbidity and dissolved oxygen monitoring. The reduction of biofouling is one of the major challenges in terms of reducing maintenance needs. The investigation of materials that withstand corrosion and biofouling processes is crucial. Moreover, the inclusion of energy harvesting techniques in underwater environments will facilitate long-term monitoring, without the need of battery replacement. The most important challenge is that the developed sensors have no negative effects on fish, which requires studies with live organisms. Further, the sensors should not cause any effects after short or chronic exposure, in fish swimming and feeding behaviour and feeding or changes in the immunological system.
VIII. CONCLUSIONS
In this paper we set the requirements for the sensors to aquaculture monitoring. Then, we analyse the current technologies and compare them with the requirements. For parameters, such as salinity and temperature, the available sensors meet all the requirements for water quality monitoring in aquaculture facilities. However, for turbidity and dissolved oxygen, the current sensors do not fulfil the described needs. Find new sensing technologies for those parameters is an emerging and important field. Recently, the WSN has demonstrated several benefits for process monitoring.
Our future work will be focused on using the selected sensors to create a WSN for water quality monitoring in aquaculture facilities similar to the one presented. We will also include data about feed consumption and implement artificial intelligence techniques to build an intelligent system for fish farm monitoring, with the overall aim to improve aquaculture efficiency.
